Background/Aims: Ouabain, a well-known plant-derived toxin, is also a hormone found in mammals at nanomolar levels that binds to a site located in the α-subunit of Na + ,K + -ATPase. Our main goal was to understand the physiological roles of ouabain. Previously, we found that ouabain increases the degree of tight junction sealing, GAP junction-mediated communication and ciliogenesis. Considering our previous results, we investigated the effect of ouabain on adherens junctions. Methods: We used immunofluorescence and immunoblot methods to measure the effect of 10 nM ouabain on the cellular and nuclear content of E-cadherin, β-catenin and g-catenin in cultured monolayers of Marin Darby canine renal cells (MDCK). We also studied the effect of ouabain on adherens junction biogenesis through sequential Ca 2+ removal and replenishment. Then, we investigated whether c-Src and ERK1/2 kinases are involved in these responses. Results: Ouabain enhanced the cellular content of the adherens junction proteins E-cadherin, β-catenin and g-catenin and displaced β-catenin and g-catenin from the plasma membrane into the nucleus. Ouabain also increased the expression levels of E-cadherin and β-catenin in the plasma membrane after Ca 2+ replenishment. These effects on adherens junctions were sensitive to PP2 and PD98059, suggesting that they depend on c-Src and ERK1/2 signaling. The translocation of β-catenin and g-catenin into the nucleus was specific because ouabain did not change the localization of the tight junction proteins ZO-1 and ZO-2. Moreover, in ouabain-resistant MDCK cells, which express a Na + ,K + -ATPase α1-subunit with low affinity for ouabain, this hormone was unable to regulate adherens junctions, indicating
Ouabain Modulates the Adherens Junction in Renal Epithelial Cells
Aida
Introduction
The very high affinity of ouabain for the a-subunit of Na + ,K + -ATPase has led to speculation that there may be an endogenous analog of this substance. This hypothesis has been verified because ouabain has been found in human plasma [1] . Experimental studies using labeled precursors ( 3 H-cholesterol) and bioinformatics and genomic techniques have shown that 3 H-ouabain is synthesized in cells obtained from the hypothalamus and suprarenal glands [2] [3] [4] [5] . Subsequent studies demonstrated that under physiological conditions in dogs and humans, there is a concentration of 0.05-3.70 nM ouabain in plasma [6, 7] . In physical exercise, renal failure, some forms of arterial hypertension and in the regulation of natriuresis, the plasma level of endogenous ouabain increases markedly, and in eclampsia, it may reach up to 700 nM [6, [8] [9] [10] . Ouabain is considered a hormone [11, 12] that regulates blood pressure and Na + homeostasis [8, 10, 13] . In cultured cells, ouabain induces contractility, proliferation and hypertrophy [14] [15] [16] ; it also protects epithelial and muscle cells from apoptosis induced by serum deprivation [17, 18] ; and it protects renal epithelial cells from apoptosis induced by malnutrition in developing mice [19, 20] and proteinuric kidney disease [21] . In addition to functioning as an ion transporter, Na + ,K + -ATPase is a receptor whose α-subunit binds cardiotonic steroids and transduces this information to several intracellular signaling pathways, such as c-Src, ERK1/2 and AMPK [18, 22, 23] . Na + ,K + -ATPase also plays an important role as an adhesion protein; in this respect, the β-subunit is a cell-cell adhesion protein in glial [24] and epithelial [25] cells. The intercellular adhesion conferred by the β-subunit in epithelial cells requires homotypic interactions between the extracellular domains of neighboring cells [26] and is necessary to maintain enzyme polarization in the lateral domain [27] [28] [29] , where it must be localized to promote transepithelial transport [30, 31] . Glycosylation of the β-subunit is necessary for the association of Na + ,K + -ATPase with adherens junctions [32] , and the homotypic interaction depends on a 10 amino acid acidic extracellular region of the β-subunit [33] . The activity of Na + ,K + -ATPase is necessary for tight junction formation [34] , and dysadherin, a regulatory γ-subunit of Na + ,K + -ATPase that is overexpressed in cancer cells, downregulates E-cadherin, impairs cell-cell adhesion and promotes metastasis [35, 36] .
Ouabain has opposing effects on epithelial cell adhesion depending on the concentration. At high concentrations (300 nM or greater), ouabain increases the endocytosis and degradation of proteins of the tight junction, opens tight junctions, detaches MDCK cells from neighboring cells and substrates and induces cell death [37, 38] ; however, at 10 nM, a typical concentration in physiological and pathological conditions, ouabain increases the expression of claudins, the degree of tight junction sealing [39] and cell-cell communication through GAP junctions [40, 41] and accelerates ciliogenesis [42] . These data suggest that ouabain is a hormone that regulates cell adhesion [43] . Pursuing the systematic studies on the effect of 10 nM ouabain on several types of cell contacts, in this study, we investigated its effect on adherens junctions.
Adherens junctions appear as bands encircling cells (zonula adherens) or as locations of attachment (adhesion plaques) between cells. In epithelial cells, adherens junctions are located directly below tight junctions [44, 45] . Adherens junctions are formed by cadherins, which are Ca 2+ -dependent cell-cell adhesion proteins. The cytosolic portion of cadherins binds intracellular proteins called α-, β-, g-and p120 catenins. α-catenin links the protein complex to the actin cytoskeleton [46, 47] . β-catenin is involved in adhesion in conjunction with E-cadherin at the cell membrane, but it also participates as a key member of the WNT signaling pathway that is translocated into the nucleus to regulate transcription [48] . Furthermore, we have shown that 100 nM ouabain induces the translocation of β-catenin into the nucleus [31, 49] . Because of the involvement of adherens junctions in a multitude of physiological and pathological phenomena, such as cancer and metastasis, the findings regarding its sensitivity to ouabain described in this study might contribute to improving the understanding of the role of ouabain as a hormone that regulates cell adhesion.
Following our previous investigation of the effect of low-concentration ouabain on cell contacts, this study focuses on whether 10 nM ouabain can modulate zonula adherens. For this purpose, we evaluated the expression of E-cadherin and β-and g-catenin proteins by immunofluorescence and Western blotting. We examined the biogenesis of adherens junctions through rapid calcium removal and restoration methods that allowed us to evaluate the polarized delivery of proteins to cell borders and investigated whether c-Src and ERK1/2 kinases are involved in these responses. The novel finding of this study is that 10 nM ouabain modulates adherens junctions. The anti a-actin antibody was a kind gift from Dr. José Manuel Hernández (Department of Cell Biology, Cinvestav) [50] .
Materials and Methods

Antibodies and Chemicals
Cell Culture
Canine renal MDCK-II cells (American Type Culture Collection, CCL-34, Manassas, VA, USA) [51] and ouabain-resistant MDCK cells (R-MDCK), a generous gift from Daniel Louvard, Pasteur Institute [52, 53] , were grown at 36.5 °C in a 5% CO 2 and 95% humidified atmosphere in Dulbecco's modified Eagle's medium (DMEM; Cat. No. 121000-46, Thermo Fisher), supplemented with 10, 000 U/μg/ml penicillin-streptomycin (In vitro, Acayucan, México) and 10% fetal bovine serum (FBS, Cat. No. 160004-04, GIBCO, Thermo Fisher). This medium will be subsequently referred to as CDMEM. Cells were harvested with trypsin-EDTA (In vitro), suspended at a concentration of 2.5x10 5 cells per ml, and 1 ml of the suspension was plated in each well of a 24-well plate (Costar 3524, Corning, New York, NY, USA), which may have contained a glass coverslip for immunofluorescence experiments. Cells were cultured in CDMEM for 24 h, washed with PBS and incubated in DMEM supplemented with 1% FBS in DMEM for an additional 24 h, then treated either with or without 10 nM ouabain for 8 h. The cell monolayers were exposed to PP2 and PD for 1 h before starting the challenge with 10 nM ouabain. In R-MDCK cells, cysteine 113 of Na + ,K + -ATPase is replaced by a tyrosine, rendering an ouabain-resistant enzyme with an inhibition constant 1000-fold greater than the that of the wild-type because ouabain associates more slowly to and dissociates more rapidly from the enzyme [52, 53] [54] .
Nuclear extracts
The cell monolayer was incubated for 5 min in ice-cold detachment buffer (40 mM Tris-HCl, pH 7.5, 1 mM EDTA and 150 mM NaCl), then the cells were detached from the surface with a scraper, and the suspension was centrifuged for 10 min at 300 x g and 4 °C. The precipitate was resuspended in 5 ml of buffer A (10 mM HEPES-KOH, pH 7.9, 1.5 MgCl 2 and 10 mM KCl) supplemented with 1 mM DTT, incubated for 10 min on ice, centrifuged at 4500 x g and 4 °C and resuspended again in 2 volumes of buffer A containing 5 µl of a protease inhibitor cocktail (Complete TM 469311600; Sigma-Aldrich). Cells in the suspension were lysed with 20 strokes in a glass homogenizer (Thermo Fisher, Cat. No. 10269751), and the suspension was then centrifuged at 14000 x g for 20 min at 4 °C. The precipitate was washed once with buffer C (20 mM HEPES-KOH, pH 7.9, 0.42 mM NaCl, 1.5 mM MgCl 2 , 0.2 mM EDTA and 25% glycerol) supplemented with 1 mM DTT and then resuspended in one volume of buffer C with protease inhibitors as indicated above. The suspension was homogenized with 20 strokes in a glass homogenizer and agitated with a small magnetic stir bar for 30 min at 4 °C. The final suspension was centrifuged for 30 min at 14000 x g. The supernatant was dialyzed against 50 volumes of buffer D (10 mM HEPES-KOH, pH 1.9, 100 mM KCl, 0.2 mM EDTA and 20% glycerol) for 5 h at 4 °C. Then, the buffer was changed, and the suspension was dialyzed overnight. The suspension was then recovered and centrifuged for 20 min at 14000 x g at 4 °C. The supernatant was recovered, aliquoted and stored at -70 °C. Protein concentrations were quantified by the Bradford method. The purity of the nuclear extract was evaluated by PAGE and immunoblotting with antibodies against lamin B1 (Cat. No. 16048, abcam) and β-catenin.
Immunofluorescence
Cell monolayers on coverslips were washed three times with ice-cold PBS with Ca
2+
, fixed and permeabilized with methanol for 8 min at -20 °C, washed three times with PBS, blocked for 1 h with 0.5% BSA, and incubated overnight at 4 °C with a specific primary antibody, followed by three washes with PBS, and incubated with a secondary antibody against the primary antibody. The cell monolayers were then rinsed six times with PBS, incubated with a FITC-or TRITC-labeled secondary antibody according to the animal species used (1 h at room temperature), and rinsed as indicated before. Cell nuclei were stained in blue with DAPI (10236276001 ROCHE, Sigma-Aldrich, 5 μg.ml -1 in PBS, 20 min), then the coverslips were mounted using Vectashield mounting medium (Cat. No H-1000, Vector Laboratories) and examined by confocal microscopy (SP8, equipped with a Plan-NeoFluar 63x NA 1.4 objective, Leica Microsystems, Wetzlar, Ger). The acquired images were processed with FIJI [55] ImageJ (National Institutes of Health) and figures were constructed using GIMP (GNU image manipulation program). To measure the length of the E-cadherin linear signal at the cell border, we used a method previously described by Jouret et al. [56] . Briefly, cells were stained with antibodies against E-cadherin and DAPI to detect nuclei. We acquired confocal stacks composed of 40 to 60 images and obtained the maximum intensity projection from each image. Then, we drew free-hand lines superimposed on the linear E-cadherin signals at the cell border and measured their lengths using FIJI. Then, we added the length values of the signals and reported the average of the total length per nucleus from 22-53 cells obtained from 2 to 10 images in 3 independent experiments. To measure the amount of β-catenin in the nucleus, we used FIJI software, identified the nucleus by its DAPI signal, encircled it with the oval tool in the software and measured the average intensity of the fluorescence signal of β-catenin in images obtained from four independent experiments.
Rapid calcium removal and restoration
Mature confluent cell monolayers, grown on glass coverslips, were washed twice with DMEM. Then, they were incubated for 2 h in DMEM supplemented with 1% fetal calf serum either with or without 3 mM ethylenediaminetetraacetic acid (EGTA). Two hours of incubation in media with EGTA (henceforward referred to as Ca 2+ -free media) was necessary to disrupt cell junctions, a process that was followed by observations with light field microscopy. Monolayers were then washed five times with DMEM, incubated in DMEM supplemented with 1% calf serum either with or without 10 nM ouabain for 2 h, fixed and processed by immunofluorescence as indicated above [57, 58] .
Immunoblot analysis
For protein extraction, cells were washed three times with ice-cold PBS with Ca 2+ and then incubated at 4 °C for 10 min with lysis buffer (150 mM NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS, and 50 mM Tris pH 7.5). Then, the cellular extracts were centrifuged for 10 min at 17, 000 × g. The supernatant was recovered, and the cellular protein concentration was measured by a BCA assay (Cat. No. 23225, Pierce, Thermo Fisher). The cellular protein extracts were then boiled in Laemmli sample buffer (Cat. 1610737, Bio-Rad, Hercules, CA, USA), resolved by SDS-PAGE and transferred to PVDF membranes (Hybond-P; SigmaAldrich). The PVDF membranes were blocked overnight with 5% BSA. Specific bands were detected with specific antibodies and chemiluminescence (ECL and Hiperfilm; Amersham). Resolved bands were analyzed with FIJI software. 
Statistical Analysis
Statistical analysis was performed with Prism 6 (GraphPad Software, San Diego CA). The results are expressed as the mean ± SE. Statistical significance was estimated with a two-tailed Student's t-test or one-way ANOVA followed by Bonferroni's selected pairs comparison test (*P < 0.05, **P < 0.01, and ***P < 0.001). All experiments were repeated at least three times. The number of independent experiments is represented by n.
Results
Ouabain increases the amount of E-cadherin and β-catenin in the cell border and induces the translocation of β-catenin into the nucleus
We assessed the role of ouabain on the two most conspicuous molecular species of adherens junctions, E-cadherin and β-catenin. As expected, under the control conditions, both proteins were located at the perimeter of the cells (Fig. 1A and C, white arrows) . Exposure to ouabain increased the intensity of this signal for both proteins (Fig. 1B and D , white arrows), suggesting an increase in protein expression at the lateral plasma membrane. Ouabain also increased the intracellular signal of E-cadherin and b-catenin (Fig. 1B and D , white arrowheads) and induced the expression of E-cadherin in several basal locations (empty arrowhead in B x-z image). Interestingly, the signal of b-catenin in the nucleus increased with ouabain (Fig. 1D, empty arrows) . To confirm and measure these changes in expression, we prepared cellular and nuclear extracts of control and ouabain-incubated cells and performed immunoblots of both proteins (Fig. 1E) . The amount of E-cadherin in the control condition was 0.76 ± 0.06 arbitrary units (a.u., Fig. 1G, first white column) , and ouabain induced a statistically significant increase to 1.24 ± 0.25 a.u. (Fig. 1E , first red column; p = 0.044, n= 6). A similar result was observed for the total cellular (0.42 ± 0.05 a.u. in the control vs. 0.86 ± 0.14 a.u. in ouabain-treated protein extracts, p = 0.0139, n = 4) as well as nuclear (1.00 ± 0.00 a.u. in the control vs. 1.30 ± 0.08 a.u. in nuclear extracts treated with ouabain, p = 0.0079, n = 3) β-catenin content. Therefore, hormonal ouabain concentrations upregulate adherens junction proteins and induce the translocation of β-catenin into the nucleus. [52, 53] . Fig. 2 shows that the immunofluorescence control pattern of E-cadherin ( Fig. 2A ) and β-catenin (Fig. 2C) did not change after incubation with 10 nM ouabain ( Fig. 2B and D) . In Fig. 2E , we observed that the amount of the two proteins measured in Western blots did not show significant changes upon incubation with ouabain for cellular E-cadherin (1.00 ± 0.12 a.u. in the control vs. Fig. 1 shows that ouabain induced the translocation of β-catenin into the nucleus. It has been shown that several experimental conditions, such as subconfluence and wound healing, induce the displacement of other cytoplasmic proteins, such as ZONAB, ZO-1, ZO-2, g-catenin, etc., into the nucleus [59] [60] [61] [62] . In this study, we investigated whether 10 nM ouabain induces the translocation of other peripheral membrane proteins belonging to tight junctions. Fig. 3A shows a chicken fence pattern of ZO-1 and that this protein was absent in the nucleus. Ouabain did not change ZO-1 expression or localization (Fig. 3B) .
nM ouabain increases the translocation of γ-catenin into the nucleus but does not affect the translocation of ZO-1 or ZO-2
result was observed for ZO-2 ( Fig. 3C vs D) . However, g-catenin (Fig. 3E) was expressed in the contact zone as well as in the nucleus (Fig. 3E) , and ouabain increased the fluorescence signal both in the contact zone (Fig. 3F ) and the nucleus (Fig. 3F, white arrows) . g-catenin increased in abundance with the addition of ouabain, as observed in the immunoblots of nuclear protein extracts (Fig. 3H, 1 .00 ± 0.00 a.u. in control vs. 1.41 ± 0.11 a.u. with ouabain, p = 0.0097, n = 3) and, as expected, ZO-1 and ZO-2 were not detected (Fig. 3G) . The cellular content of ZO-1 and ZO-2 in the cells remained unchanged with the addition of ouabain (Fig. 3H) . However, the normal amount of g-catenin (0.99 ± 0.03 a.u.) increased a small but statistically significant amount with the addition of the hormone (1.16 ± 0.05 a.u.). These results show that 10 nM ouabain specifically induces the translocation of the peripheric adherens junction proteins β-catenin and g-catenin into the nucleus.
β-catenin increases at the cell borders, and its translocation into the nucleus depends on c-Src and ERK1/2 activation
In previous studies, we observed that 10 nM ouabain increased the degree of phosphorylation of c-Src and ERK1/2 [39] . Hence, to determine whether this signaling route is involved in the effect of ouabain on the translocation of β-catenin, we impaired orientations. In control cell monolayers, E-cadherin (A) and β-catenin (C) are distributed mainly in the periphery (white arrows). Eight hours of exposure to ouabain increased the amount of E-cadherin (B) and β-catenin (D) at the cell border and displaced β-catenin towards the nucleus (D, empty arrows). Ouabain induced the appearance of several basal locations of E-cadherin (empty arrowhead). Western blotting (E, above) and densitometric analysis (E, graph) of cellular or nuclear protein extracts normalized to actin or lamin B1 (E, above), respectively, showing the normal amount of both proteins (white bars) and the increased amount of proteins produced by ouabain (red bars) in cellular and nuclear extracts. * P<0.05, n= 6-3, ** P<0.01, n= 6-3, t-test. 4A shows the typical control β-catenin immunofluorescence pattern, and 10 nM ouabain induced a substantial increase in membrane and nuclear fluorescence signals (Fig. 4B ). The pairs of images shown in Fig. 4C and 4D and Fig. 4E and 4F are analogous to the conditions for the images shown in Fig. 4A and 4 B but in the presence of PP2 or PD, respectively. These inhibitors did not change β-catenin distribution and intensity but impaired the increases elicited by ouabain (Fig. 4C vs. 4D and Fig. 4E vs. 4F). The increase in the nuclear content of β-catenin was quantified for the fluorescent images (Fig. 4G) , and we found that the fluorescent signal increased from 1.00 ± 0.06 a.u. in the control to 3.25 ± 0.24 a.u. in ouabaintreated cells (p < 0.0001, n = 49-47 nuclei from 3 independent experiments). The inhibition of both c-Src and ERK1/2 activity with PP2 and PD, respectively, impaired the increase in the intensity of the fluorescent signal triggered by ouabain, resulting in values of 1.30 ± 0.09 a.u. and 0.98 ± 0.07 a.u., respectively, which were significantly less than the signal induced by ouabain itself (p < 0.0001 for both cases, n = 58 and 47 nuclei from 3 independent experiments, respectively). We also demonstrated that the increase of β-catenin in cellular protein extracts induced upon ouabain treatment ( Fig. 1 and Fig. 4I , from 1.00 ± 0.06 to 1.51 ± 0.17 a. u.) required c-Src and ERK1/2 activation (Fig. 4I ) because PP2 and PD blocked the response to yield fluorescence intensities of 1.025 ± 0.09 a.u. and 1.05 ± 1.14 a.u., respectively (p = 0.0185; n = 7). Therefore, our results demonstrated that ouabain activates the kinases c-Src and ERK1/2 to induce the translocation of β-catenin into the nucleus and increases the cellular adherens contacts. 
The increase in E-cadherin depends on c-Src and ERK1/2 activation
Then, we investigated whether ouabain activates the kinases c-Src and ERK1/2 to increase E-cadherin at the cell borders. Fig. 5A shows the control E-cadherin pattern in a cell monolayer. Ouabain (10 nM) induced an increase in the E-cadherin signal at the plasma membrane (Fig. 5B) . Images of Fig. 5C and D and images of Fig. 5E and F are similar to the images of. Fig. 5A and B but incubated with PP2 or PD, respectively. Both inhibitors did not affect E-cadherin localization (C and E) but inhibited the effect of ouabain (D and F). Therefore, ouabain-induced increases in E-cadherin are dependent on c-Src and ERK1/2. Fig. 5G shows the statistical analysis of the total cellular content of E-cadherin measured by Western blotting, confirming the dependence of E-cadherin levels on the activation of c-Src and ERK1/2 kinases, with values of 0.92 ± 0.13 and 1.02 ± 0.15 a.u., respectively, which are significantly less (P = 0.0024) than that with only ouabain (1.00 ± 0.00). 
Castillo et al.: Ouabain Influences Adherens Junctions
induced increased expression of the proteins at cell-cell contacts compared to Ca 2+ alone (Fig. 6D) , indicating accelerated adherens junction formation. Surprisingly, PP2 by itself induced a similar effect as ouabain (Fig. 6E ) but inhibited the effect of ouabain (Fig. 6F) . Furthermore, PD did not exert an effect by itself but inhibited the effect of ouabain. The graphs in Fig. 6 show the quantification of the length E-cadherin (Fig. 6I ) and β-catenin (Fig.  6J ) fluorescent signals in cell-cell contacts. Clearly, ouabain induced a statistically significant increase in the length of the linear signal of E-cadherin (Fig. 6I ) from 35.08 ± 1.74 to 68.79 ± 1.92 µm (p = 0.0001) and of β-catenin (Fig. 6J ) from 45.04 ± 2.086 to 65.09 ± 1.69, which was produced by the addition of Ca
2+
, and PP2 and PD inhibited the effects of ouabain, which led to significantly lower length values for E-cadherin (47.35 ± 9.15 and 50.35 ± 7.25, respectively) and β-catenin (48.43 ± 9.62 and 52.92 ± 7.86, respectively). These observations prove that 10 nM ouabain accelerates the assembly of adherens junctions through a signaling pathway that includes c-Src and ERK1/2 kinases. 
Discussion
Following our previous systematic approach to investigate the control of cell adhesion by ouabain, in this study, we investigated the effect of 10 nM ouabain on other intercellular contact, the adherens junction. We studied E-cadherin, ß-catenin and g-catenin localization by immunofluorescence and measured their amount in cells and nuclei by immunoblotting. We have previously shown that 100 nM ouabain induces the translocation of b-catenin into the nucleus [31, 49] . The results presented in this study imply that 10 nM ouabain induces the same phenomenon (Fig. 1) ; we extended the observation to g-catenin (Fig.  3) and showed that the integral membrane protein of the adherens junction, E-cadherin, increases as well (Fig. 1 ). An increased abundance of adherens junction proteins in the plasma membrane would conceivably strengthen intercellular adhesion and, therefore, the transporting epithelial phenotype. Consistent with this possibility, it has been shown that ouabain increases the degree of tight junction sealing in MDCK cells [39] , accelerates cellular polarity development, as indicated by a more rapid ciliation in MDCK cells [42] , and increases vectorial transport of Na + in LLCPK1 cells by inducing increase apical expression of the Na [63] . Therefore, hormonal concentrations of ouabain seem to potentiate cell adhesion and polarity, similar to other physiological regulators of the tight junction, such as epidermal growth factor, which changes the molecular composition of the tight junction and increases its degree of sealing and the transepithelial transport of Na + [64] . Interestingly, high concentrations of ouabain are toxic in humans and induce the opposite effect as the hormonal concentration of 10 nM; high concentrations promote the endocytosis and lysosomal degradation of cell adhesion molecules and the detachment and death of epithelial cells [37, 38, 66] . Nevertheless, at either low or high concentrations, ouabain plays a crucial role in the regulation of cell contacts.
To investigate how ouabain exerts its effects, we used a mutant MDCK clone that expresses a Na + ,K + -ATPase a-subunit with low affinity for ouabain [52, 53] . Ouabain binds to Na + ,K + -ATPase with an affinity that depends on the isoform of the α-subunit that is expressed [67] . There is, however, a second receptor that binds ouabain at a high K + concentration, where ouabain cannot bind to Na + ,K + -ATPase [68] . Nevertheless, the lack of response in R-MDCK cells makes it evident that ouabain must bind to Na + ,K + -ATPase to upregulate adherens junction proteins and induce the translocation of ß-catenin and g-catenin into the nucleus.
The binding of a ligand to its receptor often triggers the displacement of specific peripheral proteins of cell adhesions towards the nucleus, such as ZONAB, ZO-1, ZO-2 and g-catenin, which form nuclear adhesion complexes (NACos) [69] . We investigated whether ouabain induces the translocation of other peripheral membrane proteins belonging to cell junctions. The translocation into the nucleus is specific for b-catenin and g-catenin, such as ZO-1 and ZO-2, which remain in the junctions despite ouabain treatment (Fig. 3) . These results indicate that ouabain specifically induces the translocation of membrane-associated proteins of the adherens junctions but not of the tight junctions. These results also show that ouabain exerts its regulation on tight junctions through the modification of integral membrane proteins of the claudin family but not of the membrane-associated proteins ZO-1 and ZO-2.
The use of low ouabain concentrations highlighted the role of Na -ATPase often activates the c-Src-ERK1/2 pathway for processes as diverse as inducing cell proliferation, increasing sealing or the degradation of tight junctions depending on the concentration of ouabain, or promoting hypertrophy of the kidney [22, 38, 39, 70] . Our results show that ouabain also upregulates adherens junctions (Fig. 4 and 5) . It is hypothesized that ouabain activates a common central signaling regulatory pathway for all intercellular contacts that share the same location in the lateral membrane and cooperate to increase cell-cell adhesion. Nevertheless, it is also clear that each intercellular junction may have specific regulatory pathways for some components. To study the possible mechanism of the regulation of adherens junction formation by ouabain, we used a rapid Ca 2+ removal and restoration method [57, 58] . Ca 2+ acts on the extracellular side of the plasma membrane to trigger the formation of tight junctions [71] [72] [73] , a process that requires the previous establishment of adherens junctions [74] . Ouabain accelerates the localization of E-cadherin and β-catenin at nascent adherent junctions (Fig.  6) . It has been shown that the restoration of adherens and tight junctions after Ca 2+ addition does not require protein synthesis but only protein relocalization [57] and that the expression of a suitable level of E-cadherin in the plasma membrane depends on balanced protein traffic [75] . Therefore, ouabain either accelerates the delivery of protein components to adherens junctions that are in formation or stabilizes the components of adherens junctions in cell-cell contacts.
The function of the b-catenin and g-catenin translocated into the nucleus as a result of ouabain treatment is unknown, although it correlates with the transcription and expression of claudins and the increase in the transepithelial electrical resistance and may be necessary for these processes. Increased β-catenin in the nucleus is a classical signal for proliferation [48] ; however, under the conditions used in this study, this proliferation signal could not operate because cells were confluent, and contact inhibition was activated. Therefore, it might be possible that nuclear b-catenin and g-catenin activate a pathway that favors epithelial differentiation.
Conclusion
For the first time, we demonstrated that 10 nM ouabain regulates adherens junctions. These results are consistent with our working hypothesis that one of the physiological functions of ouabain at hormonal concentrations is to modulate cell-cell contacts.
